Searching for Life on Mars: Degradation of Surfactant Solutions Used in Organic Extraction Experiments by Court, RW et al.
Research Article
Searching for Life on Mars:
Degradation of Surfactant Solutions Used
in Organic Extraction Experiments
Richard W. Court,1 Mark R. Sims,2 David C. Cullen,3 and Mark A. Sephton1
Abstract
Life-detection instruments on future Mars missions may use surfactant solutions to extract organic matter from
samples of martian rocks. The thermal and radiation environments of space and Mars are capable of degrading
these solutions, thereby reducing their ability to dissolve organic species. Successful extraction and detection of
biosignatures on Mars requires an understanding of how degradation in extraterrestrial environments can affect
surfactant performance. We exposed solutions of the surfactants polysorbate 80 (PS80), Zonyl FS-300, and
poly[dimethylsiloxane-co-[3-(2-(2-hydroxyethoxy)ethoxy)propyl]methylsiloxane] (PDMSHEPMS) to elevated
radiation and heat levels, combined with prolonged storage. Degradation was investigated by measuring
changes in pH and electrical conductivity and by using the degraded solutions to extract a suite of organic
compounds spiked onto grains of the martian soil simulant JSC Mars-1. Results indicate that the proton fluences
expected during a mission to Mars do not cause significant degradation of surfactant compounds. Solutions of
PS80 or PDMSHEPMS stored at - 20C are able to extract the spiked standards with acceptable recovery
efficiencies. Extraction efficiencies for spiked standards decrease progressively with increasing temperature,
and prolonged storage at 60C renders the surfactant solutions ineffective. Neither the presence of ascorbic acid
nor the choice of solvent unequivocally alters the efficiency of extraction of the spiked standards. Since
degradation of polysorbates has the potential to produce organic compounds that could be mistaken for in-
digenous martian organic matter, the polysiloxane PDMSHEPMS may be a superior choice of surfactant for the
exploration of Mars. Key Words: Mars—Life detection—Surfactants—Life Marker Chip. Astrobiology 14,
xxx–xxx.
1. Introduction
1.1. The search for organic matter on Mars
Organic matter has yet to be unambiguously detected inrocks on Mars (Glavin et al., 2013; Leshin et al., 2013;
Ming et al., 2014), despite expectations that the planet should
receive about 12,000 tonnes year - 1 of carbonaceous micro-
meteorites (Flynn, 1996), possibly resulting in accumulations
of organic matter as high as 60 ppm (Steininger et al., 2012).
The failure of the Viking landers to detect meteoritic organic
matter in the martian regolith led to suggestions of the
presence of an oxidant capable of destroying organic matter
upon heating (Biemann et al., 1977; Klein, 1978), with spe-
cies such as hydrogen peroxide and superoxide ions being
proposed (Zent and McKay, 1994; Yen et al., 2000), along
with mechanisms such as radiolysis and oxidation (e.g.,
Benner et al., 2000; Kminek and Bada, 2006). In 2008, the
presence of perchlorate at 0.5–0.7wt % in the northern plains
was reported by the Phoenix lander (Hecht et al., 2009;
Kounaves et al., 2010). More recently, evidence for oxy-
chlorine species such as perchlorate and/or chlorate has been
detected by the Curiosity rover in the Rocknest eolian dust
deposit in Gale Crater (Glavin et al., 2013; Leshin et al.,
2013), implying a global distribution. Proposed mechanisms
of production of perchlorate include ultraviolet photooxida-
tion of chlorides on mineral surfaces (Schuttlefield et al.,
2011) and gas-phase oxidation of chlorine species (Catling
et al., 2010; Kim et al., 2013), although the latter mechanism
is hindered by the apparent lack of a significant chlorine
chemistry in the atmosphere of Mars (Villanueva et al.,
2013). Alternatively, work has shown the potential for radi-
olysis of perchlorate via the galactic cosmic ray (GCR) and
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solar energetic particle fluxes to generate additional reactive
species, such as hypochlorite (ClO-), oxygen (O2), and
chlorine dioxide (ClO2) (Quinn et al., 2013).
The ability of oxychlorine species such as perchlorate to
degrade organic species constrains methods for the detection
of organic matter on Mars that involve thermal processing of
a sample, such as pyrolysis (e.g., Steininger et al., 2012).
While the potential for solar heating to generate liquid
brines in the shallow subsurface should be noted (Martinez
and Renno, 2013, and references therein), the cold, dry
environment offered by parts of the martian subsurface is
otherwise ideal for the preservation of organic matter. At a
depth of about 2m, the GCR flux has been attenuated suf-
ficiently to favor the survival of organic species over geo-
logical timescales (e.g., Kminek and Bada, 2006; Pavlov
et al., 2012; Hassler et al., 2014), particularly if the present-
day surface has been exposed rather more recently (e.g.,
Farley et al., 2014), while surface oxidants are expected to
be able to penetrate into the regolith to a broadly similar
depth (Zent, 1998; Kolb et al., 2002; Parnell et al., 2007).
Hope therefore exists that Noachian rocks, deposited in the
warmer, wetter climate around 4 Ga (e.g., Carr and Head,
2010), may retain the chemical evidence of martian life.
Past and present missions have generally been restricted
to analysis of the surface regolith and lacked the ability to
excavate more than a few centimeters. The appreciation that
the surface material has experienced significant irradiation
and oxidation over geological time has led to the desire to
drill into the subsurface, ideally into Noachian rocks con-
taining organic matter and deposited in water-rich envi-
ronments. The ESA-led ExoMars rover currently under
development is intended to have the capacity to drill down
as deep as 2m into the subsurface. However, the question of
the best method to detect organic compounds remains. The
Viking landers used a gas chromatograph–mass spectro-
meter (GC-MS) to separate and identify organic species, with
the initial release of organic matter from a sample being
accomplished by thermal desorption or pyrolysis (Klein,
1978). However, the increased understanding of the oxidants
present in the martian regolith has led to the realization that
thermal techniques could be contributing to the degradation
of organic species via reaction with perchlorates (Catling
et al., 2010; Navarro-Gonza´lez et al., 2010; Steininger et al.,
2012; Glavin et al., 2013; Ming et al., 2014). Hence, it has
become necessary to develop new, energy- and mass-efficient
techniques capable of detecting organic matter in hostile
chemical environments.
1.2. The immunological approach to detection
of organic species
The concept of using antibody-based assays to detect very
low concentrations of specific molecules has gained ground in
recent years (e.g., Marquette and Blum, 2006; Wang, 2006),
including in astrobiological applications (Steele et al., 2001;
Parro et al., 2005, 2011b; Schweitzer et al., 2005; Parnell et al.,
2007; Sims et al., 2012). A particular attraction of the tech-
nique is its ability to detect specific molecules characteristic of
particular environments or sources of organic matter. For ex-
ample, the detection of aromatic hydrocarbons in a martian
sample would suggest a contribution from meteoritic organic
matter, while the presence of long-chain n-alkanes such as
hexadecane would suggest a biological source (e.g., Parnell
et al., 2007). However, instruments seeking to detect and
characterize organic matter on Mars are faced with the prob-
lem of how to extract organic material from its host rock or soil
and transport it to a detector. Antibody-based detection re-
quires delivery of target compounds to the antibodies in a
compatible solvent mixture. Antibodies tend to be compati-
ble only with aqueous solvents; organic solvents such as di-
chloromethane (DCM) can denature antibodies and render the
detector nonfunctional. Antibody incompatibility with organic
solvents poses a problem because many of the organic com-
pounds of interest are nonpolar molecules, including aliphatic
and isoprenoidal hydrocarbon biomarkers such as n-hexadecane
and phytane (Fig. 1) that are almost insoluble in water under
normal conditions of pressure and temperature (Parnell et al.,
2007; Court et al., 2010; Sephton et al., 2013).
One solution to this problem involves using subcritical
water: liquidwater at 100–374Cbut not exceeding 22.05MPa
(Sereewatthanawut et al., 2008). Altering the temperature and
pressure of subcritical water changes its polarity and allows it
to dissolve nonpolar species such as aliphatic hydrocarbonsmuch
more efficiently than under normal conditions (Amashukeli
et al., 2008; Aubrey et al., 2008). This technique was to be
used on Mars by the proposed Urey instrument (Bada et al.,
2005; Aubrey et al., 2008), having been tested by success-
fully extracting amino acids from an Atacama Desert soil
sample (Amashukeli et al., 2007, 2008). However, subcritical
water extraction is expensive in terms of mass and energy.
1.3. Surfactants for extraterrestrial organic extraction
An alternative method of extraction of both polar and
nonpolar compounds under normal conditions involves sur-
factants. The addition of a non-ionic surfactant such as
polysorbate 80 (PS80) to water can result in the formation of
micelles, with the hydrophobic ‘‘tails’’ of a PS80 molecule
(Fig. 1) aligning to encapsulate a nonpolar hydrocarbon,
dramatically raising its solubility in water. This approach has
proven popular (e.g., Parro et al., 2011b; Sims et al., 2012).
The Life Marker Chip (LMC) instrument formerly under
development for the ExoMars rover was to use a solution of
1.5 g L- 1 PS80 in a 20:80 (v/v) methanol-water mixture. It
is able to extract aliphatic and aromatic species spiked onto
grains of the Mars analogue JSC Mars-1 (Court et al., 2010,
2012a, 2012b; Sims et al., 2012; Sephton et al., 2013).
Testing has also revealed the ability of alternative surfactants,
such as the fluorocarbon-based Zonyl FS-300 and the siloxane-
based poly[dimethylsiloxane-co-[3-(2-(2-hydroxyethoxy)
ethoxy)propyl]methylsiloxane] (PDMSHEPMS) to extract or-
ganic species spiked onto samples of JSCMars-1 (Allen et al.,
1998; Court et al., 2010, 2012a). The Signs Of Life Detector
(SOLID) series of instruments uses a polysorbate 20–based
solvent to extract organic matter from solid samples, with the
ability to detect mellitic acid and acidophilic microorganisms
in samples of Atacama Desert and Rı´o Tinto Mars-analog
materials (Parro et al., 2011a, 2011b; Blanco et al., 2013).
However, it cannot be assumed that experiments that use
fresh surfactant solutions will be representative of condi-
tions experienced by an organic-detection experiment on
Mars. A surfactant solution transported to Mars will have
experienced at least 6–9 months of irradiation by cosmic and
solar particles during the flight from Earth. Subsequently,
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many months may pass on the surface while the host rover
explores terrain and characterizes outcrops, before a loca-
tion that stands the greatest chance of containing detectable
organic matter is identified. During this time, the surfactant
solution would be exposed to further cosmic and solar
particle irradiation, albeit attenuated by the thin atmosphere
of Mars (e.g., Dartnell et al., 2007; Parnell et al., 2007, and
references therein; Le Postollec et al., 2009), and also to
variations in temperature resulting from solar radiation and
martian weather. Therefore, the stability of a surfactant
solution over many months is of great importance to those
who seek to use such a solvent in an instrument with the
intent to extract organic matter from the rocks of Mars.
Polysorbates are a well-studied class of surfactants and
are commonly used in pharmaceuticals and in food prepa-
ration. They are chemically diverse mixtures containing
sorbitan polyoxyethylene esters of fatty acids, along with
substantial amounts of polyoxyethylene, sorbitan poly-
oxyethylene, and isosorbide polyoxyethylene fatty acid
esters (Ayorinde et al., 2000; Frison-Norrie and Sporns,
2001; Kishore et al., 2011a). Polysorbates are well known to
be vulnerable to degradation. Autoxidation of ethylene ox-
ide units is the dominant degradation process that occurs
below 40C, while hydrolysis of ester bonds becomes more
important above this temperature (e.g., Kishore et al.,
2011b, and references therein). Autoxidation produces per-
oxides, aldehydes, acids, ketones, n-alkanes, and fatty acid
esters via radical initiation, propagation, and termination
reactions (Kerwin, 2008; Kishore et al., 2011b). Autoxida-
tion can be slowed by measures that prevent radical initia-
tion, such as excluding peroxides, heat, light, and oxygen
(Yao et al., 2009; Kishore et al., 2011a), or the addition of
an antioxidant such as butylated hydroxytoluene (Donbrow,
1987), while removing transition metal ions such as copper
can also reduce catalytic effects (Kerwin, 2008). Hydrolysis,
which can be both acid- and base-catalyzed (Bates et al.,
1973), produces fatty acids (Kerwin, 2008). The rate of
hydrolysis can be mitigated by storage under cold conditions
FIG. 1. Structures of surfactants and the
organic standards spiked on the martian
analogue JSC Mars-1.
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and protection from light and oxygen (Gilardi-Lorenz,
2006). Degradation should be expected to reduce the ability
of polysorbate solutions to act as surfactants (e.g., Donbrow
et al., 1978) while also contaminating them with products of
the breakdown reactions that may produce a false-positive
organic detection. This may be a particular problem for
surfactants that closely resemble organic and biological
species, such as the polysorbates. In contrast, fluorocarbon-
and siloxane-based surfactants are expected to be less vul-
nerable to this problem.
In contrast to PS80, much less information exists on the
degradation chemistry of the fluorocarbon-based Zonyl FS-
300 and the polysiloxane PDMSHEPMS. DuPont describes
Zonyl FS-300 as stable following freeze-thaw cycles, ca-
pable of performing from pH 2–12, and having a shelf life of
5 years (DuPont, 2005). Zonyl FS-300 contains polyethyl-
ene oxide units, which are likely vulnerable to autoxidation
in a fashion similar to those of PS80, as described above, but
lacks the ester bonds that are vulnerable to hydrolysis in
PS80. This suggests that Zonyl FS-300 would be more
stable at elevated temperatures, relative to PS80. Autox-
idation of ethylene oxide units in Zonyl FS-300 will likely
produce species comparable to those produced by the au-
toxidation of ethylene oxide units in PS80 (Kishore et al.,
2011a). The fluorocarbon chain in Zonyl FS-300 is rather
inert and resistant to degradation. PDMSHEPMS, like Zonyl
FS-300, is not used in pharmaceuticals or in food prepara-
tion, and similarly, relatively little information is available
regarding its stability and degradation products. Never-
theless, PDMSHEPMS has two units of ethylene oxide in its
hydrophilic section, which are likely vulnerable to autoxi-
dation in the same fashion as described for Zonyl FS-300
and PDMSHEPMS. The polysiloxane section, however, is
rather inert, with oxidation producing silicon dioxide.
Degradation of the surfactants is expected to be accompa-
nied by variations in solution pH and electrical conductivity.
Organic acids produced by the autoxidation of ethylene oxide
units (Kerwin, 2008; Kishore et al., 2011b) should increase
acidity and electrical conductivity, although the effects on
pH may be obscured by chemistry related to the degradation
of the fluorocarbon and polysiloxane chains, in the cases
of Zonyl FS-300 and PDMSHEPMS. Mitigation of the
degradation of surfactants may be possible. Ascorbic acid
is an effective antioxidant, radioprotector, and free-radical
scavenger (Duchesne et al., 1975; Wilson, 1983; El-Nahas
et al., 1993; Nair et al., 2001; Aliste and Del Mastro, 2004).
At concentrations of 0.1–1.0wt %, it was found to restrict
radiochemistry in carboxymethylcellulose solutions via
scavenging of free radicals (Choi et al., 2008) and to protect
thymine from damage caused by hydroxyl radicals (Shadyro
et al., 2008). It may therefore have the capacity to slow the
rate of degradation of surfactant solutions and give them
greater tolerance to conditions of heat and radiation. How-
ever, ascorbic acid, as a weak acid, is capable of changing
the acidity and electrical conductivity of a solution, while
also adding organic species that might pose cross-reactivity
problems with the antibody-based detector.
1.4. Thermal and radiation environments
Maintaining a stable temperature inside a spacecraft en
route to Mars can be a challenging proposition, given the
insulating properties of space, the intense solar radiation,
and the desire not to include active temperature manage-
ment systems. Instruments must therefore be tolerant of a
range of temperatures. Irradiation is a further problem, with
a spacecraft and its instruments receiving a wide range of
radiation energies and types, including solar protons and
highly energetic GCRs (Ryan et al., 1999; e.g., Benton and
Benton, 2001). The problem of irradiation of space hard-
ware has long been recognized. Research involving both
terrestrial simulation and experimental exposure in low-
Earth orbit has investigated whether immunoassay compo-
nents in a LMC-type instrument could survive the expected
radiation environment (Derveni et al., 2012, 2013). These
experiments indicated that the expected radiation envi-
ronments would not pose a threat to the immunoassays;
however, this must also be established for the surfactant
solutions.
2. Materials and Methods
2.1. Production of surfactant solutions
Three surfactants—PS80, Zonyl FS-300, and PDMS-
HEPMS—were used to create a range of solutions, each
with the surfactant present at 1.5 g L- 1. These surfactants
were investigated in two forms, firstly as the complete so-
lution of surfactant in 20:80 (v/v) methanol-water and sec-
ondly as the surfactant mixed with methanol alone, in both
cases with and without 2 g L- 1 ascorbic acid. This reflects
the possibility of storing the solvents separately and mixing
the final surfactant solution after arrival on Mars, if it were
shown that this was associated with increased surfactant
stability. Storage of surfactant alone is not attractive, as all
three surfactants are viscous liquids at room temperature and
pressure. Maintaining surfactants as solids via refrigeration
is also unattractive because of the power, mass, and com-
plexity requirements. The compatibility of 2 g L - 1 ascorbic
acid with the antibody assay used by the LMC experiment to
detect the organic species was investigated by performing
immunoassays with a number of representative antibodies.
These showed that a concentration of 2 g L- 1 (11.4mM) of
ascorbate had no measureable effect on antibody/assay
performance and did not significantly affect the solution pH
or ionic strength (D. Cullen, private communication, 2012).
2.2. Storage of surfactant solutions
Surfactant solutions were created in the summer of 2012,
with the intent to store them at up to 60C for around a year
in the dark. For the stored sample set, a total of 48 surfactant
solutions was created, consisting of all 48 combinations of
the following parameters (Table 1): 1.5 g L- 1 of one of
PS80, Zonyl FS-300, or PDMSHEPMS; using methanol or
20:80 (v/v) methanol-water as a solvent; with 0 or 2 g L - 1
of ascorbic acid added as an antioxidant and radioprotector,
and stored in the dark at - 20C, 5C, 20C, or 60C.
Thermal design considerations of the LMC have concluded
that the temperature experienced during flight to Mars
would not exceed 60C (ESA private communication,
2012); hence, this was the maximum temperature of storage.
Since low temperatures are expected to inhibit degradation,
the stability of surfactant solutions at lower temperatures is
also of interest.
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Surfactant solutions, each about 50mL in volume, were
stored in borosilicate glass bottles, previously cleaned by
baking in air at 500C for around 6 h. The mass of surfactant
in the surfactant solutions was about 75mg; the mass of
ascorbic acid in the ascorbic acid–containing solutions was
about 100mg. Following the creation of each solution, the
bottle headspace was purged with nitrogen to exclude at-
mospheric oxygen and sealed with a polytetrafluoroethylene
(PTFE)–lined cap. The cap and its PTFE seal had previously
been cleaned by overnight soaking in a 5% solution of
Decon 90, then sonicated in reverse osmosis (RO) water in a
Fisher Scientific FB15063 sonic bath, followed by rinsing
with copious amounts of RO water to remove traces of the
Decon 90 solution.
Atmospheric oxygen incorporated into the solutions and
the bottle headspace may have had the capacity to induce
additional degradation of the surfactant solutions. This po-
tential problem was minimized by purging the headspace
of the bottles with nitrogen and degassing the water with
the degassing function on the Fisher FB15063 sonic bath.
Complete removal of headspace and dissolved oxygen
should not be expected, but effects arising from this oxygen
should be common to all the solutions prepared here. Should
these surfactant solutions retain the ability to extract organic
species spiked onto aliquots of JSC Mars-1, then it would
imply that the dissolved oxygen did not significantly reduce
the longevity of these solutions under these conditions.
2.3. Irradiation of surfactant solutions
Surfactant solutions for irradiation, as well as control
counterparts that were not intended to be irradiated, were
also created in the summer of 2012. A full set of every
combination of surfactant, solvent, and ascorbic acid con-
centration was not produced because of limited cyclotron
time; instead 10 solutions were produced, providing a good
cross section of variations in surfactant, solvent, and ascorbic
acid concentration. These solutions were also stored in clean
borosilicate glass bottles, with their headspaces purged by
nitrogen, then stored in the dark at 5C both before and after
irradiation.
The radiation environment that could be experienced by
LMC hardware during the flight to Mars and subsequent
operation on the surface was simulated with proton irradi-
ation at the Scanditronix MC40 cyclotron facility at the
University of Birmingham. The surfactant samples were
irradiated in their sealed 50mL borosilicate glass bottles by
a proton beam of 10mm diameter, with the beam energy
increased to account for attenutation by the borosilicate
glass walls of the bottles. Two sample sets were irradiated,
one with a baseline fluence of 6.2 · 1011 protons cm - 2 at a
rate of 7.9 · 108 cm - 2 s- 1 and the other with a fluence 5
times more intense, of 3.1 · 1012 protons cm - 2 at a rate of
2.0 · 109 cm - 2 s- 1, each using 10MeV protons. The base-
line fluence is derived from the SPENVIS-calculated esti-
mate of the displacement damage equivalent particle fluence
of 5.4 · 1010 protons cm - 2, with energies of 10MeV, which
would be experienced by the LMC during 296 days of flight,
followed by 218 sols on Mars (ESA private communication,
2012). This fluence has been subsequently corrected here for
the area of the proton beam (10mm diameter), which irra-
diated only a small fraction (0.785 cm2) of the cross-
sectional area of the surfactant solution, calculated at 9 cm2,
with the products of irradiation being dispersed throughout
the sample by diffusion and convection.
2.4. Measurements during storage
During storage of the samples, pH and conductivity of
sample aliquots were measured (Table 2) with a Hanna In-
struments HI-991301N pH/conductivity meter with experi-
mentally determined precisions of – 0.3 for pH of a pH 7.01
calibration solution and of – 2 mS m- 1, – 0.2%, for con-
ductivity of a 1281 mS m - 1 calibration solution. Measure-
ments of pH are not reported for the non-aqueous methanol
solutions because of the difficulty of calibration for non-
aqueous solutions.
Infrared spectra of the solutions were also acquired with a
Smart Orbit attenuated total reflectance accessory attached
to a Thermo-Nicolet 5700 Fourier transform infrared spec-
trometer. It was hoped that this might reveal variations in
surfactant chemistry, but no spectral differences were ob-
served. Hence, these data are not displayed or discussed
further. Visible changes in solution color (Fig. 2) are de-
scribed below where appropriate. Following photography
and measurement of sample conductivity and pH, the sample
bottle headspaces were purged with nitrogen and returned to
storage in the dark at the appropriate temperatures.
2.5. Spiking and extraction of JSC Mars-1
During storage, aliquots of each sample were removed for
use in an extraction experiment. The objective was to test
the ability of these surfactant solutions, following storage
and/or irradiation, to extract a range of polar and nonpolar
Table 1. Details of the Stored Surfactant Solution Sets
Age (days) of sample set when:
Temperature
(C) of storage
Used to extract
spiked JSC Mars-1
Conductivity and
pH last measured
Surfactant
(1.5 g L - 1) Solvent
Ascorbic
acid (g L- 1)
- 20 273 384 PS80 MeOH 0
5 429 384 Zonyl 20:80 MeOH-water 2
20 429 384 PDMSHEPMS
60 122 294
Solutions, each about 50mL in volume and containing about 75mg of a surfactant, representing all 48 combinations of listed
temperature, surfactant, solvent, and ascorbic acid concentration, were created. Analyses of samples stored at each temperature were
performed at intervals as listed (see Section 2.4 for further details). MeOH indicates methanol.
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organic standards spiked onto the surfaces of the martian
analogue JSC Mars-1 (Allen et al., 1998; Court et al., 2010,
2012a, 2012b). Samples of JSC Mars-1, 500mg in mass,
were spiked with 10lg of each of eight standards. The JSC
Mars-1 was cleaned before this experiment by ultrasonic
extraction, first with a 93:7 (v/v) mixture of DCM and
methanol, then with deionized water, to remove any pre-
existing contaminants. The standards used were the aliphatic
hydrocarbons hexadecane, phytane, and squalene; the aro-
matic hydrocarbons anthracene and pyrene; the steroids
coprostane and stigmasterol; and atrazine (Fig. 1), reflecting
a range of organic biomarkers with different structures and
solubilities in water. Atrazine was included not as a poten-
tial biomarker but as a control marker, representing a
structure not expected to be found on Mars. Its high solu-
bility in aqueous solvents also gives it an additional role as
an internal standard capable of revealing uncertainties as-
sociated with quantification of the recoveries of the other
standards.
These standards were added to the samples of JSC Mars-1
as solution in methanol. The methanol-wet JSC Mars-1 al-
iquots were allowed to dry overnight in a hotbox at 35C,
after which the test tubes were agitated to even out the
distribution of spiked and non-spiked JSC Mars-1 grains. To
each spiked aliquot of JSC Mars-1, 3mL of the appropriate
surfactant solution was added. For the surfactant solutions in
which methanol-water was used as a solvent, the 3mL could
be taken directly from the stored sample, while for those
samples stored by using methanol alone without water,
1.8mL of stored methanol-based solution was taken and
added to 7.2mL of RO water, to make 9mL of 20:80
methanol-water-based surfactant solution. Subsequently,
3mL of this solution was introduced to the spiked JSC
Mars-1 aliquot.
Each test tube containing spiked JSC Mars-1 and the
added surfactant solution was sonicated for 10min with the
FB-15063 sonic bath. This reflects the design of the LMC,
where sonication was intended to be used to encourage
dissolution of organic species (Sims et al., 2012). Following
sonication, the test tubes were centrifuged at 2500 rpm for
5min to settle suspended particulates, after which the su-
pernatant was pipetted into a separate clean glass test tube.
Two further cycles of addition of surfactant solution, soni-
cation, centrifugation, and pipetting of the supernatant then
followed. The three extracts produced by this process were
subsequently merged into one, approximately 9mL in vol-
ume. Despite centrifuging, these solutions contained sus-
pended JSC Mars-1, produced by the pulverization of grains
by ultrasonic agitation. The solutions were therefore pi-
petted into clean glass syringes and passed through PTFE-
membrane syringe filters possessing a 0.2 lm pore size. The
LMC design also includes a filter to eliminate suspended
material (Sims et al., 2012). These aqueous solutions were
unsuitable for direct analysis by GC-MS, so liquid-liquid
extraction was performed to transport the dissolved stan-
dards from the aqueous phase to an organic solvent, DCM,
amenable to analysis by GC-MS. Liquid-liquid extraction
was performed by adding about 5mL of DCM to the
aqueous solutions, followed by mixing with a Sonics &
Materials, Inc., VCX-130 sonic probe. Separation of the
organic and aqueous solvents was achieved with a centri-
fuge and a clean separating funnel. This liquid-liquid ex-
traction procedure was performed three times to minimize
the loss of the standards, with previous testing having shown
that this protocol was effective in minimizing losses of
dissolved standards (Court et al., 2010, 2012a, 2012b).
The volume of DCM produced by liquid-liquid extraction
was reduced to 1mL by evaporation under a stream of ni-
trogen. One microliter of this was injected onto the Agilent
HP-5MS column on a GC-MS, comprising an Agilent 7890N
gas chromatograph and a 5975C mass selective detector. The
gas chromatograph oven was initially held at 50C for 1min,
then heated at 4C min - 1 to 310C, where it was held for
20min, for a total duration of 86min. The standards were
identified by reference to the NIST 08mass spectral database,
and the retention times for this instrumental configuration
were established by previous runs of the individual standards.
Further samples, consisting of 10 lg of each of the eight
standards dissolved in DCM, were run as external standards,
demonstrating the chromatographic responses of a concen-
tration of 10 lg mL - 1 of each compound and enabling the
ability of the surfactant solutions to recover the standards
FIG. 2. The discoloration of 1.5 g L - 1 surfactant solutions in methanol-water following 294 days of storage at 60C. From
left to right: (A) PS80 without ascorbic acid; (B) Zonyl FS-300 without ascorbic acid; (C) PDMSHEPMS without ascorbic
acid; (D) PS80 with 2 g L - 1 ascorbic acid; (E) Zonyl FS-300 with 2 g L - 1 ascorbic acid; (F) PDMSHEPMS with 2 g L - 1
ascorbic acid. (Color images available online at www.liebertonline.com/ast)
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from the JSCMars-1 to be calculated as a percentage relative
to the original spiked mass. Samples of JSC Mars-1 cleaned
as described above but not exposed to the set of standards
were also subjected to the extraction and GC-MS analysis, to
act as controls. No significant amounts of organic compounds
were extracted from these cleaned samples, demonstrating
the efficacy of the cleaning procedure and the absence of
significant contamination.
3. Results
3.1. Stored surfactant solutions
3.1.1. Electrical conductivity, pH, and appearance. Table
2 displays variations in the electrical conductivity, pH, and
appearance of the aqueous surfactant solutions, as measured
at various points during storage. The data for each combi-
nation of surfactant, solvent, and ascorbic acid combination
at day 1 can be regarded as representing the baseline
properties immediately after production of the solution. The
samples stored at 60C were produced about 90 days after
those stored at lower temperatures, hence the collection of
pH and conductivity data after different durations. Mea-
surements of conductivity and observations of discoloration
of the methanol-based solutions were also acquired, but no
electrical conductivity or discoloration was detected, with
two exceptions. The first was the solution of Zonyl FS-300
and ascorbic acid stored in methanol at 60C for 294 days,
which displayed a pale yellow color but possessed no
measureable electrical conductivity. The second exception
was the solution of PS80 and ascorbic acid stored in
methanol at 60C for 294 days, which possessed a darker
yellow color and an electrical conductivity of 2 mS m- 1.
Solutions of all three surfactants in methanol-water
without ascorbic acid are close to neutral pH upon produc-
tion. Prolonged storage results in acidification of the warmer
PS80 solutions, with the samples stored at 60C developing
a pH around 4.0, while solutions of Zonyl FS-300 and
PDMSHEPMS retain pH values around neutral upon sub-
sequent storage, except those stored at 60C, which instead
showed an increase in pH to around 9–10. Aqueous solu-
tions containing ascorbic acid all initially showed a pH of
around 3.1, which is attributed to the dissociation of
ascorbic acid. Subsequent storage resulted in no significant
change in pH, except for samples stored at 60C, where a
poorly defined tendency for the pH to increase to around pH
4 is apparent.
Aqueous solutions lacking ascorbic acid possessed an
electrical conductivity of 0 mS m- 1 immediately after
production. Subsequent storage resulted in significant elec-
trical conductivity developing only in the solutions stored at
elevated temperatures, reaching 14 mS m- 1 in the case of
PS80 in methanol-water stored at 60C. Solutions with
ascorbic acid present showed initial conductivities around
12–16 mS m- 1, with subsequent storage causing an increase
to around 40 mS m - 1 in the case of the hot, 60C solutions.
All aqueous solutions stored at - 20C and 5C retained a
clear, colorless appearance throughout storage. However,
the solutions of surfactant and ascorbic acid in methanol-
water stored at 20C showed a gradual change to a clear
yellow color. At 60C, this behavior was more pronounced,
with all aqueous solutions containing ascorbic acid being a
clear yellow-brown color (Fig. 2).
3.1.2. Extractions of spiked JSC Mars-1 using stored
surfactant solutions. Samples of the surfactant solutions
were removed during storage and used to extract samples of
the Mars analogue JSC Mars-1 that had been spiked with
organic standards as described in Section 2.5. The effi-
ciencies of extraction, measured as percentages relative to
the original spiked mass of each standard, are displayed in
Table 3 and Figs. 3–5. ‘‘Fresh’’ surfactant solutions are ones
made up immediately before the extraction experiments
were performed. The listed extraction efficiencies contain a
margin of uncertainty that can be characterized by using
the extraction efficiencies of atrazine, which, being water-
soluble, should be expected to be recovered at 100% effi-
ciency by all surfactant solution compositions, regardless of
their state of thermal degradation. The atrazine recoveries
listed in Table 3 have a mean of 96.6% and a standard
deviation of 10.6%. We therefore assigned a– 15% uncer-
tainty to the calculated extraction efficiencies of the other
spiked standards, as illustrated by error bars in Figs. 3–5.
With this margin of uncertainty in mind, inspection of
these data reveals a clear general trend of decreasing re-
coveries of the spiked standards with increasing temper-
ature. Fresh PS80 gives extraction efficiencies around
25–35% for aliphatic hydrocarbons, 50–80% for aromatic
hydrocarbons, and 5–20% for the steroids. In contrast, storage
at 60C results in recoveries of aliphatic hydrocarbons and
steroids that rarely exceed 5%. A similar relationship is ap-
parent for PDMSHEPMS. Interpretation of the data for
Zonyl FS-300 is hindered by the universally low extraction
efficiencies reported, with recoveries rarely exceeding 1%
for aliphatic hydrocarbons and steroids, matching those
observed during a previous investigation into Zonyl FS-300
at comparable concentrations (Court et al., 2012a). This
investigation required long durations of storage and was
initiated before the suitable concentrations of Zonyl FS-300
were established by Court et al. (2012a). Inspection of Fig. 4
shows that increasing temperature of storage of Zonyl FS-
300 in methanol, with or without ascorbic acid, is associated
with a general decrease in recovery of the aromatic stan-
dards, but this relationship is not apparent for storage in
methanol-water.
The data do not show any clear relationships between
extraction efficiency and the nature of the stored solvent,
suggesting that the separate storage of water and methanol
does not offer any clear advantages or disadvantages over
storage as a mixture. The data for PS80 and PDMSHEPMS
show a tendency for the presence of ascorbic acid to be
associated with superior extraction efficiencies in certain
solution configurations, such as PS80 stored in methanol-
water at 5C or 20C and PDMSHEPMS stored in methanol
at the same temperatures (Figs. 3 and 5), yet in other solu-
tion compositions, no clear benefit is apparent.
An alternative method of gauging the ability for the
surfactant solutions to extract the spiked standards involved
inspection of the chromatograms of the extracts of the sur-
factant solutions for peaks representative of the surfactant
molecules, following the assumption that a decreased promi-
nence of these peaks would reflect a decreased abundance of
surfactant molecules in the stored solutions, resulting from
degradation. However, this method was unsuccessful, as it
was found that the GC-MS injector was either too hot for
surfactant molecules to survive injection without breaking
10 COURT ET AL.
down into smaller fragments or too cold to yield reproducible
vaporization of the surfactant molecules, and no reliable data
were obtained.
3.2. Irradiated surfactant solutions
For the irradiation experiments, nine different solutions
were produced, representing a cross section of combinations
of surfactant, solvent, and ascorbic acid, and then separated
into 22 different aliquots. Eleven of these were irradiated,
with the others used as nonirradiated controls. Following
irradiation, all samples were stored at 5C for 174 days
before being used to extract samples of JSC Mars-1 spiked
with organic standards, following the procedure described in
Section 2.5.
3.2.1. Electrical conductivity, pH, and appearance of ir-
radiated surfactant solutions. After storage at 5C for 174
days in the dark, a sample of each solution was tested for pH
and electrical conductivity by using the procedure outlined
in Section 3.1.1. No electrical conductivity was measured in
any sample, regardless of the radiation fluence experienced.
This matches the observations of the stored samples de-
scribed in Section 3.1.1, where electrical conductivity was
only detected in samples for which water-methanol was
used as a solvent and that contained ascorbic acid, a com-
bination that was not tested here because of the limited
cyclotron time available. Measurements of pH do not show
significant variations between irradiated samples and their
nonirradiated counterparts, all being close to pH 7.0.
Overall, there is no evidence that irradiation has caused
significant changes to sample pH or conductivity. This
conclusion is supported by the absence of changes in the
appearance of the solutions following irradiation, with all
samples retaining their clear, colorless appearances.
3.2.2. Extractions of spiked JSC Mars-1 using irradiated
surfactant solutions. The extraction efficiencies of spiked
JSC Mars-1 by surfactant solutions subjected to irradiation
followed by storage at 5C for 174 days are displayed in
Table 4 and Fig. 6. Irradiated solutions of PS80 in methanol,
with or without ascorbic acid, show recoveries of the ali-
phatic hydrocarbons hexadecane, phytane, and squalene that
are generally greater than those achieved when using less-
irradiated solutions. A similar relationship is seen for
PDMSHEPMS in methanol, again with or without ascorbic
acid. For PS80 stored in methanol-water, however, irradia-
tion is associated with a general decrease in recovery of
FIG. 3. The extraction efficiencies for organic standards spiked onto JSC Mars-1 and then extracted using PS80 solutions
stored at various temperatures for different durations, expressed as percentages of each spiked mass of 10 lg recovered, as
determined by a comparison of the chromatographic responses of the sample and of 10 lg of standard injected directly into
the GC-MS. Data for the water-soluble atrazine is excluded to improve clarity. Extraction efficiencies calculated for ‘‘fresh’’
solutions represent PS80 solutions made up immediately before use. Error bars of – 15% are derived from the distribution
of the recoveries of water-soluble atrazine. Temperatures and durations of storage were - 20C for 273 days, 5C and 20C
for 429 days, and 60C for 122 days. AA stands for ascorbic acid, and methanol-water indicates a 20:80 (v/v) mixture of
methanol and water. In general, the highest extraction efficiencies are seen in the solutions stored at the lowest temperatures.
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standards, although it should be noted that in both cases the
percentage recoveries of the standards are high and indicate
successful recovery despite the conditions of irradiation and
storage experienced.
4. Implications for Space Missions Involving
Surfactant Solutions
4.1. Conditions of storage of surfactant solutions
in extraterrestrial environments
4.1.1. Temperature of storage. These data indicate that
temperature of storage is the most potent influence on the
recovery of organic matter. Prolonged exposures to 60C
greatly reduced the ability of PS80 and PDMSHEPMS to
extract the organic standards spiked onto the martian ana-
logue JSC Mars-1. A similar effect is also hinted at by the
data for aromatic hydrocarbons extracted with Zonyl FS-
300, although the relationship is not entirely clear because
of the low efficiencies of extraction of the aliphatic hydro-
carbons and steroids achieved with these surfactant con-
centrations. The highest extraction efficiencies are obtained
from the samples stored at - 20C, the coldest temperature
of storage employed here, and the data show a general
trend that can be summarized as ‘‘the colder, the better.’’
This can be understood in terms of kinetics and the acti-
vation energies necessary for reactions to occur. At lower
temperatures, fewer molecules have sufficient energy to
engage in the degradation reactions; hence the rate of re-
action is lower. This principle predicts that even better
preservation of the surfactant solutions would occur at
temperatures below - 20C.
4.1.2. Duration of storage. While storage temperature is
the dominant influence on the degradation of the surfactant
solutions, the pH and electrical conductivity data also show
relationships between duration of storage and solution
chemistry, and it seems reasonable to assume that a partic-
ular level of degradation could be achieved by either brief
storage at high temperatures or by prolonged storage at
lower temperatures. The data of Table 3 do not allow the
details of such a relationship to be easily inferred, because
both temperature of storage and duration of storage vary. If
the degradation of surfactant solutions could be described by
a simple Arrhenius factor or half-life, reflecting the gradual
breakdown of surfactant molecules at various rates at vari-
ous temperatures, then Table 3 could be used to produce a
FIG. 4. Extraction efficiencies for organic standards spiked onto JSC Mars-1 and then extracted using Zonyl FS-300
solutions stored at various temperatures for different durations, expressed as percentages of each spiked mass of 10lg
recovered, as determined by a comparison of the chromatographic responses of the samples and of 10 lg of standard
injected directly into the GC-MS. Data for the water-soluble atrazine is excluded to improve clarity. Extraction efficiencies
calculated for ‘‘fresh’’ solutions represent Zonyl FS-300 solutions made up immediately before use. Error bars of – 15% are
derived from the distribution of the recoveries of water-soluble atrazine. Durations of storage were - 20C for 273 days,
5C and 20C for 429 days, and 60C for 122 days. AA stands for ascorbic acid, and methanol-water indicates a 20:80 (v/v)
mixture of methanol and water. In general, Zonyl FS-300 solutions resulted in very low extraction efficiencies, typically less
than 1% for the aliphatic hydrocarbons and steroids.
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general model of degradation, allowing the extraction effi-
ciencies of each organic standard to be predicted across the
range of durations and temperatures described.
However, it does not appear likely that the degradation
can be described so simply. Section 1.3 describes two main
degradation pathways, with autoxidation of ethylene oxide
units being the dominant process occurring below 40C,
while hydrolysis is more important above this temperature.
The different temperature dependences of these two reac-
tions suggest that degradation across the range of tempera-
tures used here cannot be described by a simple Arrhenius
equation. Nevertheless, the data allow important conclu-
sions to be made. Even a relatively brief period of storage of
122 days at 60C is sufficient to severely degrade the abil-
ities of the solutions to extract the suite of organic standards,
indicating that longer storage would see even less-efficient
extraction. Similarly, prolonged storage at 5C for 429 days
resulted in the solutions retaining much of the extraction
abilities shown by the freshly produced surfactant solutions,
indicating that storage for less time would see improved
extraction efficiencies. Hence, these data support a conclu-
sion that storage temperature is much more influential than
storage duration on surfactant solution extraction capabilities.
4.1.3. Radiation environment. Variations in the recov-
ery of the spiked standards when using irradiated surfactant
solutions are displayed in Fig. 6 and Table 4. As noted in
Section 3.2.2, various relationships between efficiency of
recovery of the spiked standards and radiation fluence are
apparent, with irradiation being generally associated with
increases in the recovery of aliphatic hydrocarbons. This is
an unexpected relationship, given the expectation that pro-
duction of hydroxyl radicals via the radiolysis of water
might lead to increased degradation of surfactant molecules
and hence reduced rates of recovery, and its cause is un-
clear. Nevertheless, it can be confidently stated that these
levels of irradiation of the surfactant solutions do not result
in decreased extraction efficiencies capable of causing
failure of a LMC-type instrument. Indeed, the similarities
between the extraction efficiencies obtained for these irra-
diated samples and their nonirradiated counterparts, and the
‘‘fresh’’ and 5C stored solutions (Table 3, Figs. 3–5),
suggests that the 174 days of storage at 5C has had a
greater effect on the ability of the surfactant solutions to
extract the spiked standards than any of the irradiation ex-
periments. In these conditions, heat is a more potent de-
grader of surfactants than radiation.
FIG. 5. Extraction efficiencies for organic standards spiked onto JSC Mars-1 and then extracted using PDMSHEPMS
solutions stored at various temperatures for different durations, expressed as percentages of each spiked mass of 10 lg
recovered, as determined by a comparison of the chromatographic responses of the samples and of 10lg of standard
injected directly into the GC-MS. Data for the water-soluble atrazine is excluded to improve clarity. Extraction efficiencies
calculated for ‘‘fresh’’ solutions represent PDMSHEPMS solutions made up immediately before use. Error bars of – 15%
are derived from the distribution of the recoveries of water-soluble atrazine. Temperatures and durations of storage were
- 20C for 273 days, 5C and 20C for 429 days, and 60C for 122 days. AA stands for ascorbic acid, and methanol-water
indicates a 20:80 (v/v) mixture of methanol and water. The data show a general trend of decreasing recoveries with
increasing temperature of storage.
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4.2. Surfactant solution composition
4.2.1. Selection of a surfactant. High temperatures de-
grade surfactant solutions. However, cooling a spacecraft
illuminated by the Sun in the inner Solar System, particu-
larly when packaged in an aeroshell for entry into an at-
mosphere from which heat cannot easily escape, can be a
challenging task. Therefore, it may be desirable to select a
surfactant solution more tolerant of thermal extremes rather
than one that offers superior performance but only under
specific conditions. The data presented here suggest a choice
between PS80 and PDMSHEPMS—the data from Zonyl
FS-300 are too uncertain to allow firm conclusions. The data
in Figs 3 and 5 indicate that both PS80 and PDMSHEPMS
are fairly effective at retaining their ability to extract the
organic standards from JSC Mars-1 up to 20C. A com-
parison of the recoveries of spiked standards by using so-
lutions that possess similar solvents and concentrations of
ascorbic acid, but differing in surfactant (e.g., comparing
Fig. 3A with Fig. 5A and Fig. 3B with Fig. 5B), shows no
uniform advantage for one surfactant over the set of four
combinations of solutions.
4.2.2. Selection of a solvent. The surfactant solutions
investigated here and elsewhere (e.g., Court et al., 2010,
2012a, 2012b; Sims et al., 2012) have all been a mixture of
three components: a 20:80 (v/v) mixture of methanol and
water with 1.5 g L- 1 of a surfactant. It is reasonable to
expect that each mixture should experience different sta-
bilities during prolonged storage; hence the choice here of
surfactant mixed with both water-methanol and methanol
alone (with the water envisaged to be stored separately in
the instrument) for the solvents. Inspection of the data
presented here indicates that neither solvent has an obvious
uniform advantage over the other, with Figs. 3 and 5 re-
vealing some occasions where use of methanol-water results
in superior recovery of the standards and other occasions
where results are inferior.
In the case of electrical conductivity and pH, the use of
water-methanol as a solvent is associated with somewhat
acidic solutions that frequently conduct electricity. While
these properties do not appear to have clearly influenced the
ability of these solutions to extract the standards spiked onto
JSC Mars-1, acidity may result in undesirable chemical re-
actions between the surfactant solution and a sample of
martian rock or soil, or indeed between the surfactant so-
lution and parts of the LMC-type instrument itself, such as
the antibody assay. Furthermore, the possibility of interfer-
ence with other instrument measurements should also be
considered. For example, a measurement of electrical con-
ductivity or acidity in a surfactant solution after exposure to
martian samples may be interpreted in terms of soluble salts
such as sulfates or perchlorates, but such an interpretation
may be more difficult in the case of a surfactant solution
already possessing acidic and electrically conductive prop-
erties. Hence, since the data indicate no obvious uniform
FIG. 6. Efficiencies of extraction of standards spiked on JSC Mars-1 using surfactant solutions subjected to 0· , 1 · , and
5 · relative mission radiation fluences, with 1· fluence being 6.2 · 1011 protons cm - 2. AA indicates ascorbic acid. Error
bars of – 15% are derived from the distribution of the recoveries of water-soluble atrazine. While differences in extraction
efficiencies using nonirradiated and irradiated solutions are observed, in no case is irradiation associated with a failure of the
surfactant solution to extract the spiked standards with a reasonable degree of efficiency. In the case of Zonyl FS-300, both
nonirradiated and irradiated samples recorded very low extraction efficiencies, but this effect derives from a Zonyl FS-300
concentration that is too low, rather than from radiolytic degradation of the surfactant solution.
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advantage from a particular solvent type, it may be desirable
to use a surfactant solution that uses methanol as a solvent,
with the water stored elsewhere. However, this may be as-
sociated with penalties in instrument mass and volume.
4.2.3. Benefits from ascorbic acid. Ascorbic acid was
included in some samples in an attempt to protect against
autoxidation and damage from free-radical reaction mech-
anisms, such as those resulting from the production of hy-
droxyl radicals during the radiolysis of water. Inspection of
the extraction efficiencies when using stored PS80 in Fig. 3
and Table 3 suggests that the presence of ascorbic acid is
associated with superior extraction efficiencies at inter-
mediate temperatures, particularly 20C. A similar effect is
seen with PDMSHEPMS stored in methanol with and
without ascorbic acid, but the data for PDMSHEPMS stored
in methanol-water are more equivocal, given the error bars
of Fig. 5. These data suggest that inclusion of ascorbic acid
may aid extraction efficiency by hindering degradation of
the surfactant. However, any advantage gained in this
fashion must be weighed against possible disadvantages
relating to the increase in solution complexity.
Figure 6 and Table 4 show the extraction efficiencies for
the surfactant solutions involved in the irradiation experi-
ment. The presence of ascorbic acid and PS80 in methanol is
associated with a small general increase in extraction effi-
ciency. However, for Zonyl FS-300 and PDMSHEPMS in
methanol, no clear effect is seen, although in the case of
Zonyl FS-300 interpretations are again hindered by the very
low extraction efficiencies. However, it is difficult to in-
terpret the improved recovery for PS80 solutions containing
ascorbic acid in terms of radioprotection, because no co-
herent relationship is observed between increasing radiation
fluence and decreasing recovery of standards. Instead, it
seems more likely that if the ascorbic acid is having a
beneficial effect in these samples, then it is more related to
the effects of oxidation rather than irradiation.
Oxidation can proceed directly via reaction with dis-
solved or headspace oxygen or via autoxidation of ethylene
oxide units (Donbrow, 1987; Yao et al., 2009; Kishore et al.,
2011a). The oxygen content of the solutions was minimized
via degassing of solvent and purging the headspace of the
sample bottles with nitrogen. The ability of the solutions
stored at low temperatures to extract the spiked standards at
reasonable efficiencies, similar to those obtained by using
fresh solutions, indicates that oxidation related to oxygen
dissolved in the solvent and present in the headspace is not a
significant problem. Autoxidation of ethylene oxide units is
the dominant degradation pathway affecting polysorbates
below 40C (e.g., Kishore et al., 2011b, and references
therein). The ability of antioxidants to protect against au-
toxidation (Donbrow, 1987) suggests that ascorbic acid may
be responsible for observed improvements in extraction ef-
ficiency. However, the variable nature of these improve-
ments, seen only in certain solution compositions, suggests
that this relationship may be neither reliable nor significant.
Overall, the data suggest that addition of ascorbic acid
may have a small preservative effect, hindering the auto-
xidative degradation of PS80. For the other surfactants,
however, the benefits are much more equivocal. The data do
not indicate a preservative effect against radiation damage,
but this is probably because the radiation doses involved in
this experiment were too low to significantly alter the sur-
factant properties of the solutions. Any protective advantage
of ascorbic acid for PS80 solutions must be considered
against any drawbacks arising from its presence, such as
acidification of the surfactant solution, reactions between an
acidic solvent and martian or instrument material, and the
likely degradation products of the antioxidant itself.
4.3. False positives from degradation of surfactants
The use of an antibody-based assay to detect the presence
of organic molecules diagnostic of biology results in several
challenges, one of which is a potential lack of specificity of
the antibodies. It is desirable to produce an antibody that
reacts only with a specific molecule while ignoring other
species that have similar structures. However, some degree
of cross-reactivity should be expected and accounted for in
the instrument design. It is therefore important that the sur-
factant chosen does not include impurities or produce deg-
radation products sufficiently similar to biomarkers that
cross-reaction with the antibodies can result in false posi-
tives. It is well known that commercially available PS80 is an
impure mixture, containing abundant contaminants including
isosorbide polyoxyethylene fatty acid esters (Ayorinde et al.,
2000; Frison-Norrie and Sporns, 2001; Kishore et al., 2011a),
the presence of which may be able to induce a false-positive
detection of organic matter in a martian sample via cross-
reactivity with biomarkers. While purification of a surfactant
to remove troublesome contaminants on Earth can be ad-
dressed during construction of such an instrument, the
problem of degradation of the surfactant en route to Mars is
more challenging.
For Zonyl FS-300 and PDMSHEPMS, this issue of cross-
reactivity of antibodies to surfactant degradation products
appears to be insignificant. Zonyl FS-300 and PDMSHEPMS
consist of polyoxyethylene chains attached to fluorocarbon
and siloxane chains, respectively (Fig. 1). It does not seem
likely that degradation of these molecules would be capable
of producing compounds sufficiently similar to a targeted
biomarker to result in antibody cross-reactivity. For example,
a fluoroalkane molecule formed by cleavage of the fluoro-
carbon chain from the Zonyl FS-300 molecule possesses a
helical carbon backbone, relative to the straighter carbon
chain of an alkane such as hexadecane.
Polysorbate 80, however, is more of a problem. PS80
consists of a hydrophilic polyethoxylated sorbitan core with
an attached hydrophobic oleic acid chain (Fig. 1). It is
possible for degradation to separate the sorbitan core from
the fatty acid side chain. While the sorbitan core is not
expected to pose any cross-reactivity problems, the oleic
acid chain is more worrying. Long-chain carboxylic acids
are potential biomarkers themselves, as are the straight hy-
drocarbon chains that remain after loss of their carboxylic
acid group, while degradation of ascorbic acid could pro-
duce small ketones and alcohols that could be mistaken for
the products of the oxidation of martian or meteoritic or-
ganic matter (e.g., Benner et al., 2000).
Therefore, great care should be taken to ensure that an
instrument seeking to use surfactant-based solvents to ex-
tract organic matter in martian environments is not sensitive
to the breakdown products of the surfactant and any addi-
tives used. This suggests that an inorganic surfactant such as
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the fluorosurfactant Zonyl FS-300 or the polysiloxane
PDMSHEPMS is more appropriate than a polysorbate, and
argues for caution when considering the inclusion of an
antioxidant such as ascorbic acid.
5. Conclusions
The radiolytic and thermal degradation of surfactant so-
lutions involved in an instrument designed to detect organic
matter on Mars has been simulated by using cyclotron
proton irradiation and storage at various temperatures for up
to 429 days. Results indicate that neither the 1 · nor 5·
baseline proton fluences (6.2 · 1011 and 31· 1011 protons
cm - 2) induce significant changes in solution pH or elec-
trical conductivity, nor do they significantly damage the
ability of the surfactant solutions to extract the standards
spiked onto samples of JSC Mars-1. Irradiation of surfactant
solutions by the cosmic and solar particle fluxes, both during
the flight to Mars and subsequently on the surface, is
therefore not expected to impact the ability of surfactant
solution to extract organic matter from samples of martian
rock or soil.
The storage experiments addressed questions of surfac-
tant type, solvent, the value of including ascorbic acid, and
the temperature of storage. The data indicate that the
dominant factor influencing the ability of the surfactant
solutions to extract organic standards spiked on JSC Mars-1
is temperature. In general, the data indicate the surfactant
solutions should be stored at as low a temperature as is
feasible. The best extraction efficiencies were obtained for
solutions stored at - 20C, while storage at 60C was as-
sociated with very low extraction efficiencies, indicating
severely degraded surfactant solutions.
The presence of ascorbic acid was sometimes associated
with improvements in the recovery of the spiked standards,
but the relationship was not ubiquitous, and its cause and
significance are not clear. The inclusion of ascorbic acid in
surfactant solutions also results in changes in acidity and
electrical conductivity alongside the additional complexity
of adding another organic compound to the solvent mixture,
with potential implications for cross-reactivity of antibodies.
Overall, therefore, it seems wiser to keep the surfactant so-
lution as simple as possible and to avoid routinely adding
antioxidants such as ascorbic acid without compelling reason.
Similarly, storage of the surfactant in methanol offers no
unequivocal advantage over storage in 20:80 (v/v) methanol-
water. While changes in extraction efficiency are apparent,
there is no uniform relationship between solvent type and
recovery of the standards across the range of solution com-
positions tested. Overall, it may be stated that the nature
of the solvent and the presence of ascorbic acids are minor
controls, relative to temperature.
Polysorbate 80 and PDMSHEPMS show generally
similar relationships with variations in storage tempera-
ture, with solutions stored at - 20C both showing good
recoveries of spiked standards after prolonged storage,
with no clear evidence favoring one surfactant over the
other. However, the organic nature of PS80, and its po-
tential for degradation resulting in contamination of the
surfactant solution by organic species that could be mis-
taken as matter indigenous to Mars and therefore be ca-
pable of provoking a false-positive result, suggests that
PDMSHEPMS would be a better choice for a future sur-
factant-based solvent-extraction instrument. Interpretation
of the data from Zonyl FS-300 was hindered by the low
extraction efficiencies reported in all cases.
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